Abstract-In multiwinding transformers, different geometry of the individual windings leads to unbalanced leakage flux paths. The unbalance affects the behavior of the power electronic converters, where these transformers are used. This paper proposes an approach to model the leakage flux path of transformer with repetitive multiwinding structure using permeance magnetic circuit. The model is composed of lumped components, it can be seamlessly integrated into system-level simulation of power electronic circuits and achieve good accuracy in time-domain simulation. Taking advantage of the repetitive structure, the model requires very limited number of parameters, which can be easily obtained from the geometry information together with only a few experimental tests. The fidelity of the model is experimentally confirmed on a multiwinding transformer prototype connected to power electronic devices.
structures, nonidentical size and position of the individual windings may lead to different leakage flux couplings, which gives rise to unbalanced short-circuit impedances [1] . This unbalance is directly reflected in the behavior of the converter system.
To investigate any potentially negative affect of the unbalance, and subsequently adapt component selection for the rest part of system or explore solutions by means of control algorithm, sufficiently accurate transformer model that can be combined with power electronic circuit for system-level simulation is desired.
Finite element method (FEM) has been widely adopted in modeling the main-and leakage flux distribution. However, FEM is not suitable for simulation combined with complex power electronic circuits, due to its high computational effort and poor convergence in these circumstances. For system-level simulation, transformers are commonly represented by electrical equivalent circuit using coupled inductors. Coupled-inductor approach requires electric test to identify all the self-and mutual inductance values including the main flux path L m and leakage flux path L σ . If more than two windings are present, electric test needs to be enumerated among different short-and open circuit combinations, which can be time consuming and in some cases impractical.
Besides FEM and coupled-inductor, magnetic circuit has become popular nowadays. First, the complexity is much lower than FEM thanks to the lumped representation, also the integration to electrical circuit is nearly seamless. Second, magnetic circuit has closer relation to the geometry than coupled-inductor, making it possible to parameterize the flux path directly without any electric tests. In combination with the material characteristic, this methodology has been successfully applied to model the main flux path [2] [3] [4] [5] [6] . However, the leakage flux path was not analyzed.
Difficulty exists in the parameterization of leakage flux path in magnetic circuit. One of the underlying assumption in magnetic circuit approach is that the fluxes are confined in virtual tubes. Each section of the tube is characterized by the geometry together with material's permeability μ as lumped reluctance or permeance. Parameterizing the main flux path through the iron core is straightforward, since the geometry is determined and directly visible. In comparison, however, the geometry of the leakage flux path through the air is usually not clearly shaped.
In the work of [7] permeances representing leakage flux path has been introduced into the magnetic circuit of transformer with closed pot-type core. Thanks to the special core-structure, geometry of the leakage flux path was well determined, so that parameterizing could be done in similar manner as the main flux path. However, this type of transformer is not typically adopted in high-power applications. For typical E-core structure, Cale et al. [8] have made a clear classification for leakage flux paths, and parameterized the permeances by geometrical data. However, this approach has been verified only on a singlewinding inductor, where no leakage coupling between different windings takes place as in transformers.
For transformers with typical core structure, several publications have successfully modeled the leakage flux path. In the work of [9] , a generalized reluctance magnetic circuit including leakage flux path between the windings was presented for complex multiwinding structures. Jazebi and Leon [10] and Cao and Yang [11] have followed this approach for simulation of different types of transformer. However, in all these publications the magnetic circuit served as an intermediate step to derive the terminal-duality model (TDM) introduced in [12] , which was essentially electrical equivalent circuit. In TDM, the main flux path was represented by shunt-inductors on winding terminals, whereas the leakage flux path by coupled leakage inductance network in between. Elements of the leakage inductance matrix are linear summation of the short-circuit impedances between certain winding pairs, requiring again large number of electric tests. Especially when the leakage inductance matrix is being composed by measured short-circuit impedance, assumption has been made that the inductance of the main flux path is magnitudes higher, which is not always the case in reality. Moreover, since the information about geometry is hardly visible after conversion to TDM model, open-circuit test is still necessary to identify the main inductance on winding terminals and this may make the representation of the material nonlinearity less accurate. As extension to the work done in [9] , Lambert et al. [13] calculated the short-circuit impedances between winding pairs directly from geometrical data using the method introduced in [14] , to get rid of the electric tests. The simulated short-circuit impedance matched well to the experimental measurements from single-and three-phase transformers. However, the increased error in three-phase case indicates that the twodimensional (2-D) formulation of the method from [14] may run into issues, if the part of windings outside the core window area dominates.
The leakage flux models with direct parameterization from geometry are difficult to generalize in terms of accuracy, while the ones parameterized from electric test do not include the geometrical information contained in the magnetic circuit, so that large measurement effort is needed. This work proposes a solution that combines the intuitive geometric information and experimental results from only a few electric tests together, and is able to achieve good accuracy, as demonstrated in the paper.
In most of the complex transformers, the individual windings do have something geometrically in common, due to consideration of mass production or space utilization. Taking advantage of this repetitive feature, this paper will demonstrate how the leakage flux path model and its parameterization procedure can be simplified, meanwhile, demonstrating that the proposed approach of model is able to reproduce the unbalance of shortcircuit impedance in reality. It is an extension of the work done in [15] and distinguished from the other previous publications via combining the following aspects together:
1) Magnetic circuit is directly simulated in its original form, without transformation into electrical equivalent. The main-and leakage flux paths related to the real geometrical structure are contained in the same model and observable during the simulation. 2) Main flux path is parameterized directly from geometry.
Model of material nonlinearity such as hysteresis proposed in [16] and corner flux concentration, analyzed in [17] , can be potentially incorporated, but are not analyzed in this paper. 3) Leakage flux path is characterized by a few parameters only, identification of which can be done via fitting to only a small number of electric test. The influence of the main flux path has been taken into account, apart from the infinite permeability assumption made in [9] . Typical winding arrangements in Fig. 1(a) -(c) have been investigated in the existing publications [9] [10] [11] and [13] , while the one depicted in Fig. 2 has not been discussed in detail so far, where the height of the inner layer winding spread out the total height of the others. This arrangement is typical for the phase-shift transformers used in multipulse rectifier systems, which interface power grid to medium voltage power electronic converters such as the cascaded H-bridge patented by Robicon Corporation [18] and widely applied in industry nowadays. Simplified single-phase transformer version of this winding arrangement is taken for the case study presented in the paper. A low-power prototype transformer has been constructed to evaluate fidelity of the proposed modeling's approach. Beside the verification scheme of supplying one winding and short-circuit another, which has been carried out in the existing publications including [15] , more short-circuit combinations as well as connection to power electronic converters are evaluated in this paper, to verify if the model has sufficiently covered all kinds of coupling through leakage flux path. The permeance-capacitor element proposed in [19] and implemented in [20] is chosen to compose the magnetic circuit, considering its capability to apply ordinary differential equation solver which is already provided in numerous commercial system-level simulation softwares such as Simulink and PLECS. This paper is organized as follows. Section II demonstrates the modeling's approach as well as the procedure for parameter identification. Section III provides the verification of the fidelity of the model via different experimental short-circuit tests. Afterwards in Section IV, the fidelity of the model in system-level simulation is further evaluated in combination with power electronic converters. Finally, Section V concludes the work and provides outlook for future improvements.
II. MODELING
The prototype transformer depicted in Fig. 3 has been taken as study case. This transformer is rated to convert 115 Vrms 400 Hz low voltage to 15.2 Vrms on nine output terminals with nominal power of 180 W in total. Each output terminal can be connected to full-bridge rectifier to generate 20-V dc voltage as input for switched-mode power supplies. The iron core is stacked by laminations type "EI 150/150" of material "M330-35A," resulting in total thickness of D C = 50 mm. There is one primary winding (W p ) with N p = 144 turns on the input side and nine secondary windings (W s1 . . . W s9 ) with N s = 19 turns each on the output side. Low window area utilization is configured for this prototype transformer in order to exaggerate the leakage flux path and resemble the high winding spacing in medium voltage applications due to consideration of insulation.
The windings of the prototype transformer have been arranged complying to the structure in Fig. 2 . All dimensional parameters have been listed in Table I . Typical geometrical repetition and symmetry present in complex transformers has been introduced to the prototype. All secondary windings W sk (k = 1 . . . 9) are designed to be the same size, which are 
allocated along the middle core limb with the same vertical interval in between. Please note that h S S is significantly smaller than the winding's dimension. The primary winding W p is placed inside the secondary winding, whose height is equal to the distance from the top of W s1 to the bottom of W s9 .
To derive the magnetic circuit model, the geometry of the transformer is separated into divisions along the vertical axis, as Fig. 4 demonstrates. Nine divisions of type I have been defined. All of them have the same height equal to h DivI = h S + h S S , each one includes one section of the three core limbs, one complete secondary winding, as well as one section of the primary winding. The turns number of each primary winding section is equal to N pDiv = N p /9. This division can be converted into a magnetic circuit shown in Fig. 5 . The three permeances filled with solid color represent flux path inside the transformer core, whereas the others represent the leakage flux path through the air. The cross section of the windings are placed schematically in between, according to the real geometry.
Besides that, division of type II representing the rest of the transformer is demonstrated in Fig. 6 , including core yoke as well as the top and bottom part of the limbs. In comparison to the division type I, since no winding is present in division type II and the permeability of the main flux path inside the core is much more dominant than that of the leakage flux path through the air, the leakage permeances in this type of division can be neglected.
Stacking nine divisions of type I over each other and adding two divisions of type II on the top and bottom, respectively, yields the complete magnetic circuit as shown in Fig. 7 . If all the windings are installed close enough to the middle limb of the transformer core (as is usually the case in practice to reduce leakage inductance), the horizontal leakage permeances above or below the windings can be assumed to be "magnetically" short circuit, resulting in the structure of Fig. 8 . The other horizontal permeances stand for the leakage flux paths from middle-toward side limb, whereas the vertical ones surrounding W p and W s for the leakage flux paths looping back to the middle limb. Also one should keep in mind that these permeances account not only for the leakage flux paths inside the core window area, but also the ones exposed outside the middle limb (e.g., fringing field), despite of the 2-D sketches being used for illustration. Afterward, the schematically depicted windings are converted into lumped-components as demonstrated in Fig. 9 , which is ready to be directly connected to electrical circuit model. The lumped winding components are implemented using the gyrator structure proposed in [19] , which serves as interface between the electrical and magnetic circuit shown in Fig. 11 . In one direction, the electrical voltage measured on the winding terminal is divided by the number of turns N and fed into the magnetic circuit as a flux rate source (dΦ/dt). The flux rate source 
"charges" or "discharges" the magnetic permeances which behave like capacitors (not electrical). In the other direction, the "magnetic voltage" measured on the magnetic terminal (magnetomotive force "MMF") is also divided by N and fed into the electrical circuit as electrical current source. Please note that all the primary winding sections are series-connected in the electrical circuit, so that all sections share the same electrical current while the terminal voltage is the summation of all the individual voltages. For this prototype transformer, the final version becomes the structure in Fig. 10 . The permeances representing different part of the iron core can be calculated as
In the equation above, the equivalent cross-sectional area A and magnetic path length l can be calculated from the core geometry using the formulas introduced in [21] . For the prototype transformer, the length of P mid2 and P side2 is equal to h S + h S S , while that of P mid1 (P mid3 ) and P side1 (P side3 ) equal to h S C (geometry parameters see Fig. 2 ). The permeance P yoke includes both the yoke and corner. Should nonlinearity of the core material be considered, the relative permeance μ r will be a function of the magnetomotive force MMF, which is the magnetic "voltage" measured on the individual permeance. In linear case, μ r can be simply configured as a constant.
After the core permeances get determined, only the value of the leakage permeances still remain undefined. Recalling that the nine type I divisions are identical in geometry and the transformer is symmetrical about the middle limb, yields the fact that only three parameters P s , P long , and P shunt are needed to characterize the whole leakage flux path, which are marked in Fig. 10 . As has been discussed in the previous section, it is difficult to accurately define the geometry of the leakage flux path through the air; therefore, a few short-circuit tests are carried out to identify the three unknown parameters, in which one single winding is supplied by voltage source and selected others windings are short-circuited. Instead of enumerating all the supply-short combinations, only five short-circuit test schemes are needed for the parameter identification, which carry sufficient information about coupling between the windings. The equivalent inductance looking into the supplied winding is calculated as imaginary part of the measured complex impedance, as listed in Table II. After that, the leakage permeance values of the circuit model in Fig. 10 are fitted to minimize a quadratic objective function, which is the square-summation of the error between the short- circuit inductances from measurement and the one obtained from magnetic circuit simulation of the aforementioned five short-circuit schemes, given by
One should also note that the resistances of the windings need to be measured (e.g., using LRC-meter) and connected in series with the winding components in electrical circuit part of the model, if resistive part of the windings constitutes relatively large percentage of the short-circuit impedance, which is the case in the low-voltage prototype. In case of high-power medium voltage transformers, however, inductive part will be much more dominated due to the large spacing between windings, so that accurate parameterizing of the winding resistance is not critical. Commonly used gradient-based or evolutionary algorithms can be applied to find out the leakage permeance values, iteratively. Generally, the fitting process can be carried out in a way demonstrated in Fig. 12 . On one side, after receiving the leakage permeance values P s , P long , P shunt provided by the fitting algorithm before each objective function evaluation, five magnetic circuit models of the transformer which are configured complying to each of the five test schemes specified by Table II are simulated in time-domain, one after each other. The simulated time-domain waveforms of winding voltage and current are transformed to amplitude and phase-angle, so as to calculate the equivalent inductance values and yields the output of the objective function following (2) . On the other side, the fitting algorithm retrieves the output of objective function from the last evaluation, adjusts the P s , P long , P shunt values and brings them into the next objective function evaluation.
Initial values need to be assigned in order to make the algorithm better converge, which for the prototype transformer can be calculated in below. In circumstances, the fitting algorithm may have difficulty in convergence if P long0 is exactly equal to 0, instead a small value of, e.g., 10 −9 can be chosen.
Despite of the repetitive structure, thanks to which the whole leakage flux path can be characterized by only three permeance values, strong unbalance of short-circuit impedances will still take place, which will be discussed in the following sections.
III. VALIDATION WITH SHORT-CIRCUIT TEST
For verification of the proposed modeling's approach, the aforementioned prototype transformer has been realized in hardware. In order to carry out the five short-circuit schemes for model parameter identification and further schemes for validation, a test setup is established as shown in Fig. 13 , which is composed of the following functional units: 1) power amplifier of type LM3866 to generate sinusoidal excitation supply voltage; Fig. 13 . Short-circuit test setup for the prototype transformer, with voltage and current on the supplied winding measured.
2) shunt-type current sensor in combination with differential operational amplifier to accurately measure the current in both amplitude and phase-angle, referred to the supply voltage; 3) dc power supply (±16 V) for the power amplifier and sensors; 4) control unit (PLECS RT-Box) for reference signal generation for the power-amp and data acquisition. After the five inductance values listed in Table II have been obtained, the magnetic circuit models with the structure depicted in Fig. 10 is built up in the system-level simulation software PLECS (Blockset version) in combination with MAT-LAB/Simulink. Sinusoidal voltage sources are connected to the winding terminals to emulate the power amplifier output in the test setup. Prior to leakage parameter identification, the permeances representing the iron core have been parameterized directly from geometry and material characteristic. Since the transformer is designed to operate far away from saturation, so that the nonlinearity of the core material has little affect on the measured short-circuit inductances, constant permeability from the data sheet has been assigned to the core permeances. The circuit model that is configured complying to test scheme 1 with primary winding W p supplied and secondary winding W s1 shorted is demonstrated in Fig. 14 , while the ones for the other four test schemes are established in similar way. Also please note that the winding resistances cannot be neglected and have been connected to the windings with R p = 0.9 Ω and R s1 . . . R s9 = 0.15 Ω, considering the fact that the winding resistance is comparable to the measured short-circuit reactance, for example X k 4,Test = L k 4, Test · 2π400 = 0.10 Ω is measured from test scheme 4 in Table II , which is 66% of the secondary winding resistance. After fitting 81 × 10 For parameter identification, the "fminsearch" fitting algorithm provided by MATLAB (referred as unconstrained nonlinear optimization) is adopted. As required by "fminsearch," a customized objective function has been written using MATLAB script that realizes the functionalities listed in below: 1) Accept the permeance values (P s , P long , P shunt ) as input arguments and assign them to the five magnetic circuit models in PLECS/Simulink via mask variables. 2) Simulate the five magnetic circuit models configured complying to each of the five test schemes specified in Table II , one by one.
. . . L k 5,Sim ) using the simulated voltage and current from the five models. 4) Return the output of objective function calculated following (2). The initial permeance values calculated using (3)- (5) as well as the ones obtained after parameter fitting using "fminsearch" algorithm are compared in Table III .
In the first group of verification schemes, the primary winding is supplied, meanwhile one single secondary winding is shorted. The short-circuit inductances looking into the primary winding with different secondary windings shorted are compared between measurement and magnetic circuit model in Fig. 15 . Although all the secondary windings have the same geometrical dimension and parameterized by repetitive permeance network, the resulted short-circuit impedances, however, are unbalanced, due to difference in vertical position with respect to the primary winding. The U-shape curve reveals the fact that the more centralized the secondary winding is located with respect to the primary winding, the stronger is the coupling and, thus, the lower the short-circuit inductance will be.
In the second group of verification schemes, the secondary winding W s1 on the very top is supplied, meanwhile another secondary windings is shorted. The resulted inductances looking into W s1 are shown in Fig. 16 with different other secondary windings shorted. From the result comparison one can see that not only the points used for parameter identification (short W s1 , W s5 in Fig. 15 and short W s2 , W s9 in Fig. 16 ), but also the inductance values of the other verification points match quite well between the proposed magnetic circuit model (built in PLECS/Simulink) and test result, with maximum error of 8.3%.
In the third group of verification schemes, the primary winding is shorted with single secondary winding supplied. The short-circuit inductances looking into the different secondary winding supplied are compared between simulation and test in Fig. 17 . Maximum error of 12.0% occurs when W s5 is supplied.
In the fourth group of verification schemes, one winding (primary or secondary) is supplied with other two shorted at Tables IV and V . Very good match between magnetic circuit model and the measurement is present here as well with maximum error of 5.0 %.
IV. VALIDATION WITH POWER ELECTRONIC SYSTEM
In this section, the fidelity of the proposed model in systemlevel simulation combined with power electronic converters is verified via experimental test. In verification scheme A, the primary winding is excited by 115 V (rms), 400 Hz sinusoidal voltage generated from programmable ac source 61700 of Chroma, while five secondary windings W s1 , W s6 , W s7 , W s8 and W s9 are connected to five totally identical full-bridge rectifiers supplying constant resistive loads of R L = 15 Ω, filtered by dc capacitors of C dc = 3 mF, as depicted in Fig. 18 and Fig. 19 .
The system level simulation model has been established in PLECS/Simulink complying to the experimental setup, using the same transformer model discussed in Section III, as Fig. 20 demonstrates. For the sake of fast system-level simulation, all the rectifier diodes are modeled as ideal switch In Fig. 21 , the simulated current on secondary windings W s1 , W s6 , and W s9 after parameter fitting as well as the ones directly using initial values obtained from (3)- (5) are compared to measurements from the experimental setup. The simulation result after parameter fitting is significantly closer to measurement than that with initial values. In Table VI , quantitative comparison of the current rms values is made, where the simulated result after parameter fitting presents a maximum error of only 1.3%, while the ones using initial values has 8.0%. This indicates that the fitting process that takes real measurement as reference is able to significantly reduce the error of the model. Further in Fig. 22 , the current of the three secondary windings are displayed in the same plot and compared between measurement and simulation. Please note that although all the rectifiers are identically constructed and loaded, the current Fig. 22 ). This unbalance can be ascribed to the winding-position-related leakage flux coupling, which has been accurately captured by the proposed transformer model. Moreover, the magnetic circuit model allows us to observe the flux distribution among the individual permeances, Fig. 23 the difference between secondary winding currents becomes smaller, in comparison to verification scheme A. Should the four rectifiers be shifted further upward, the shape of secondary currents becomes nearly identical, (Figs. 26 and 27) . Again the simulation model is able to capture the same behavior of the experimental setup.
The results presented above demonstrate that the proposed model has the potential to reproduce the issues related to the unbalanced leakage flux distribution in system-level dynamic simulation. If customized to individual magnetic structures, this type of model may help engineers with improvement of control algorithm or proper selection of electrical components to compensate affects from the magnetic unbalance. Taking the verification case presented in this paper as an example, since the dc-link capacitor's life time is strongly affected by the ripple current [22] , the unbalanced input current of the rectifier would make some of the capacitors out-of-age faster than the others. In practice, it is desired to identify the ripple current in converter design-phase to select proper type of capacitors [23] , for which the system-level simulation of the whole converter with the proposed transformer model integrated would provide a good reference.
V. CONCLUSION
This paper has demonstrated the modeling of multiwinding transformer using permeance-capacitance-based magnetic circuit. The proposed model has the potential to reproduce circuit issues related to the unbalance in leakage flux coupling when integrated into system-level simulation combined with power converters. Via making use of information about the repetitive and symmetrical geometry, the parameter identification process of the leakage flux path can be done from only a few experimental tests. The result from the proposed model shows good match to the hardware test, under a plenty of short-circuit schemes and in operation combined with power electronic converters. With the proposed model, effects that arise from the unbalanced leakage flux path could be potentially identified during the design phase of the power converters. Future work will be invested in extending this approach to three-phase-shifted transformers with different winding configurations, while the fidelity of the model will be further verified via more transient cases, e.g., during startup of the power converter systems.
